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MWCNT: Multi‐walled Carbon Nanotube

1. Introduction {#cphc201900714-sec-0001}
===============

Dye‐sensitized solar cells (DSSC) are third generation solar cells and have been intensively studied since their seminal report by O\'Regan and Grätzel.[1](#cphc201900714-bib-0001){ref-type="ref"} The most commonly used DSSC architecture consists of a dye‐sensitized TiO~2~ or ZnO photoanode and a counter electrode sandwiching a liquid electrolyte containing an iodine/triiodide redox couple.[1](#cphc201900714-bib-0001){ref-type="ref"}, [2](#cphc201900714-bib-0002){ref-type="ref"} The power conversion efficiency (PCE) of DSSCs has reached more than 13 % and the production of DSSC modules has been demonstrated.[1](#cphc201900714-bib-0001){ref-type="ref"}, [2](#cphc201900714-bib-0002){ref-type="ref"}, [3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"}, [5](#cphc201900714-bib-0005){ref-type="ref"}

Optimization of each of the individual components of a DSSC has been reported in literature, *i. e*. semiconductor photoanodes, molecular photosensitzers, electrolytes for redox mediation, and counter electrodes.[2](#cphc201900714-bib-0002){ref-type="ref"}, [3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"} Among these components, the counter electrode plays a dual role:[3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"}, [6](#cphc201900714-bib-0006){ref-type="ref"}, [7](#cphc201900714-bib-0007){ref-type="ref"}, [8](#cphc201900714-bib-0008){ref-type="ref"}, [9](#cphc201900714-bib-0009){ref-type="ref"}, [10](#cphc201900714-bib-0010){ref-type="ref"}, [11](#cphc201900714-bib-0011){ref-type="ref"} It functions as a current collector but also catalyses the reduction of tri‐iodide (I~3~ ^−^) to iodide (I^−^), which is critical to regenerate the molecular sensitizers after electron injection and to ensure the continuous flow of charge through the solar cell. An optimized solar cell requires a counter electrode with low sheet resistance, high catalytic activity for the reduction of I~3~ ^−^, high chemical stability and low cost.[6](#cphc201900714-bib-0006){ref-type="ref"}, [7](#cphc201900714-bib-0007){ref-type="ref"}, [8](#cphc201900714-bib-0008){ref-type="ref"}, [9](#cphc201900714-bib-0009){ref-type="ref"}, [10](#cphc201900714-bib-0010){ref-type="ref"}, [11](#cphc201900714-bib-0011){ref-type="ref"} So far, thin film platinum is the standard for DSSC counter electrodes due to its high catalytic activity, conductivity and superior corrosion resistance against iodine species.[3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"}, [6](#cphc201900714-bib-0006){ref-type="ref"} However, platinum as a relatively rare noble metal is expensive. Hence, it is appealing to exploit noble metal‐free materials substituting the Pt counter electrode in DSSCs. Recent studies deal with this issue by focussing on, e. g., carbon nanomaterials, conductive polymers, and transition metal compounds.[6](#cphc201900714-bib-0006){ref-type="ref"}, [7](#cphc201900714-bib-0007){ref-type="ref"}, [8](#cphc201900714-bib-0008){ref-type="ref"}, [9](#cphc201900714-bib-0009){ref-type="ref"}

Among these materials for DSSC counter electrodes carbon nanomaterials such as carbon nanotubes (CNTs), graphene monolayer, 3D graphene nanostructures, *e. g*. honeycomb and cauliflower structure, and graphene flakes prepared from graphite present interesting options due to their low cost fabrication, controllable surface properties, high conductivity and catalytic activity.[12](#cphc201900714-bib-0012){ref-type="ref"}, [13](#cphc201900714-bib-0013){ref-type="ref"}, [14](#cphc201900714-bib-0014){ref-type="ref"}, [15](#cphc201900714-bib-0015){ref-type="ref"}, [16](#cphc201900714-bib-0016){ref-type="ref"}, [17](#cphc201900714-bib-0017){ref-type="ref"}, [18](#cphc201900714-bib-0018){ref-type="ref"}, [19](#cphc201900714-bib-0019){ref-type="ref"}, [20](#cphc201900714-bib-0020){ref-type="ref"} Counter electrodes of activated carbon, single‐walled carbon nanotubes (SWCNTs), and multi‐walled carbon nanotubes (MWCNTs) in TiO~2~‐based DSSCs yield comparable efficiencies than Pt‐counter electrodes.[3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"}, [6](#cphc201900714-bib-0006){ref-type="ref"} However, the lower catalytic activity of these materials compared to Pt requires a large amount of carbon material to reach significant efficiencies. Consequently, the solar cell loses transparency -- one of the most striking features of DSSC with respect to applications e. g. in architecture. Graphene with its high carrier mobility (\>200 000 cm^2^ V^−1^ s^−1^ at an electron density of 4×10^9^ cm^−2^), high specific surface area (\>2300 m^2^ g^−1^), and semi‐transparency in the visible range[15](#cphc201900714-bib-0015){ref-type="ref"}, [16](#cphc201900714-bib-0016){ref-type="ref"}, [17](#cphc201900714-bib-0017){ref-type="ref"}, [18](#cphc201900714-bib-0018){ref-type="ref"}, [19](#cphc201900714-bib-0019){ref-type="ref"}, [20](#cphc201900714-bib-0020){ref-type="ref"} has been used to fabricate counter electrodes. In particular when combined with SWCNTs and MWCNTs such carbon‐based counter electrodes perform comparable to Pt‐ electrodes.[20](#cphc201900714-bib-0020){ref-type="ref"}, [21](#cphc201900714-bib-0021){ref-type="ref"}, [22](#cphc201900714-bib-0022){ref-type="ref"}, [23](#cphc201900714-bib-0023){ref-type="ref"} Various deposition technologies, e. g. spray coating, electrophoresis, inkjet printing and screen printing, have been applied to fabricate high‐performance carbon‐based electrodes.[24](#cphc201900714-bib-0024){ref-type="ref"}, [25](#cphc201900714-bib-0025){ref-type="ref"}, [26](#cphc201900714-bib-0026){ref-type="ref"}, [27](#cphc201900714-bib-0027){ref-type="ref"}

Previously we have developed a double self‐assembly (DSA) process to deposit single layers of graphene on three‐dimensional substrates.[28](#cphc201900714-bib-0028){ref-type="ref"}, [29](#cphc201900714-bib-0029){ref-type="ref"}, [30](#cphc201900714-bib-0030){ref-type="ref"} This technique exploits surface interactions between graphene flakes and surfactant molecules at the water/air interface to deposit monolayer and multilayer structures of graphene on 3D substrate.[28](#cphc201900714-bib-0028){ref-type="ref"}, [29](#cphc201900714-bib-0029){ref-type="ref"} Compared to conventionally used deposition techniques (*vide supra*), DSA enables rapid deposition of graphene flakes on large areas even on hydrophobic 3D substrates. Additionally, DSA allows to deposit different 2D nanomaterials in a layer‐by‐layer sequence.[28](#cphc201900714-bib-0028){ref-type="ref"}, [29](#cphc201900714-bib-0029){ref-type="ref"}, [30](#cphc201900714-bib-0030){ref-type="ref"} Here, DSA is used to prepare monolayer graphene and MWCNTs counter electrodes as well as bilayer graphene/MWCNTs electrodes on transparent conductive glass substrates. The DSA‐processed carbon‐electrodes are integrated into ZnO photoanode‐based DSSCs and their performance, mechanical stability and recyclability are assessed. Instead of the widely used TiO~2~ photoanode, ZnO photoanodes are employed due to its high electrochemical stability, slightly higher conduction band edge than TiO~2~, and high electron mobility of ∼150 cm^2^ V^−1^ s^−1^, which allow for the generation of a higher photovoltage and a rapid charge collection. In addition, the functional ZnO photoanodes[31](#cphc201900714-bib-0031){ref-type="ref"}, [32](#cphc201900714-bib-0032){ref-type="ref"} can be prepared at temperatures as low as 150 °C,[32](#cphc201900714-bib-0032){ref-type="ref"} which is crucial when considering deposition of DSSCs on delicate substrates as *e. g*. textile fabrics. The results presented show the first approach towards nobel‐metal free counter electrodes integrated into low‐temperature processed ZnO‐based DSSCs.

2. Results and Discussion {#cphc201900714-sec-0002}
=========================

2.1. Optical, Structural, and Physical Properties {#cphc201900714-sec-0003}
-------------------------------------------------

Conventional graphene‐ and MWCNTs‐based counter electrodes require a large amount of carbon to yield efficiencies comparable to Pt‐based counter electrodes.[3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"}, [6](#cphc201900714-bib-0006){ref-type="ref"} This constraint causes carbon‐based electrodes to become opaque preventing the DSSC to be used in back illumination or bifacial geometries. To test the optical properties of the DSA‐deposited mono‐ and bilayer electrodes fabricated from graphene (G), MWCNTs, graphene (bottom) and MWCNTs (top) (G\|MWCNTs), as well as MWCNTs (bottom) and graphene(top) (MWCNTs\|G), transmission spectra are recorded (see Figure [1](#cphc201900714-fig-0001){ref-type="fig"}b). Although not highly transparent, the studied bilayer graphene‐ and MWCNTs‐ electrodes exhibit transmission up to 25 % transmission in the visible wavelength range (vs. 80 % transmission of the FTO glass substrate). The monolayer graphene electrode shows up to 60 % transmission in the visible spectral range. The semi‐transparent DSA‐processed electrodes thus are suitable to be used in bifacial illumination and keep the solar cell (at least partially) transparent. N~2~‐annealing is found to alter the optical properties of graphene‐ and MWCNTs‐based counter electrodes only marginally.

![(a) Schematic overview of the double self‐assembly process for the preparation of bilayer MWCNTs/graphene counter electrodes: (i) Injection of either loose MWCNTs or graphene suspension on the water surface of a petri dish with a transparent conductive (FTO) glass substrate inside, (ii) injection of SDS solution to increase the surface density of either MWCNTs or graphene flakes, and (iii) removing water. (b) The optical properties of different counter electrodes graphene/MWCNTs prepared by DSA process (*top*) before and (*bottom*) after annealing in N~2~ atmosphere. As reference, the transmission spectrum of the FTO coated glass is presented.](CPHC-20-3336-g001){#cphc201900714-fig-0001}

The microstructural properties of the DSA‐deposited graphene and MWCNTs monolayers are investigated by TEM and HRTEM (Figure [2](#cphc201900714-fig-0002){ref-type="fig"}). The structural quality of graphene and MWCNTs is evaluated by the position and the shape (azimuthal and radial width) of the reflections in the corresponding Fourier diffractograms. The azimuthal width reflects the undulation of the graphene layers, whilst the size of the coherent volume is calculated from the radial width. The mesh width of graphene and the intra‐layer spacing in the MWCNTs, respectively, are quantified from the reflection positions[34](#cphc201900714-bib-0034){ref-type="ref"} and summarized in Table S1 and Table S2 (in the Supporting Information). TEM images of the graphene flakes indicate wrinkled surfaces (Figure [2](#cphc201900714-fig-0002){ref-type="fig"}a) which are notably flattened (Figure [2](#cphc201900714-fig-0002){ref-type="fig"}b) upon annealing under N~2~ due to thermal relaxation.[37](#cphc201900714-bib-0037){ref-type="ref"} The flatter surface in annealed graphene layer manifests itself also in lower undulation angles than in air‐dried graphene as shown by sharper reflections in the fast Fourier transform (FFT) image (inset Figure [2](#cphc201900714-fig-0002){ref-type="fig"}d). This lower undulation angles suggests a higher structural quality of the annealed graphene layer. Furthermore, annealing the graphene layer results in a slightly smaller mesh (d~100~) compared to the pristine graphene, *i. e*. 2.12 *vs*. 2.09 Å, indicating shorter C−C bond lengths.

![TEM and HRTEM images of monolayer graphene flakes (a,c) before and (b,d) after annealing, and MWCNTs (e,f) before and (g,h) after annealing. Inset of HRTEM images indicate the fast Fourier transform image to assess structural quality of graphene and MWCNTs.](CPHC-20-3336-g002){#cphc201900714-fig-0002}

To corroborate the above TEM/HRTEM analyses particularly on MWCNTs, Raman spectra are recorded for both air‐dried and annealed samples (Figure S2 in the Supporting Information). The spectra of both samples show the D‐band (∼1467 cm^−1^) which arises from defect‐induced, double‐resonant Raman scattering and the graphite‐associated G‐band (∼1580 cm^−1^) which corresponds to in‐plane vibrations of sp^2^‐hybridized carbon atoms. The annealed MWCNTs display a higher D‐ to G‐band intensity ratio (I~D~/I~G~), *i. e*. 0.97 *vs*. 0.85, than the air‐dried samples. This higher I~D~/I~G~ ratio reflects the fact that a notable fraction of defects is present in the annealed MWCNT samples.[38](#cphc201900714-bib-0038){ref-type="ref"} Such defects, however, are known to be key for the high catalytic activity of carbon nanomaterials, which often stems from defect sites and atomic edges of graphene and MWCNTs.[6](#cphc201900714-bib-0006){ref-type="ref"}, [7](#cphc201900714-bib-0007){ref-type="ref"}, [11](#cphc201900714-bib-0011){ref-type="ref"}, [15](#cphc201900714-bib-0015){ref-type="ref"}, [17](#cphc201900714-bib-0017){ref-type="ref"}, [19](#cphc201900714-bib-0019){ref-type="ref"}

Annealing also induces surface imperfection in the MWCNTs, e. g. wavy outer surfaces of nanotube as denoted by short arrows in Figure [2](#cphc201900714-fig-0002){ref-type="fig"}f. Such imperfections, which possibly result from concentrated stress present during the annealing process,[36](#cphc201900714-bib-0036){ref-type="ref"}, [37](#cphc201900714-bib-0037){ref-type="ref"} are not observed in the air‐dried samples. Even though the annealing temperature is far below the graphitization temperature (ca. 1800 °C), the HRTEM images show aligned graphene layers in air‐dried MWCNTs while more defected graphene layers are observed upon annealing: The reflections for the annealed MWCNTs (FFT in Figure [2](#cphc201900714-fig-0002){ref-type="fig"}h) appear to be more diffuse indicating a lower structural quality. The reduced structural quality of annealed MWCNTs is reflected in a stronger undulation of the layers. The layer spacing in the annealed MWCNTs (d~002~=3.65 Å) is higher than for graphite (d~002~=3.355 Å) according to the curvature of the layers resulting in a non‐perfect stacking.

Aside from the density and nature of the structural defects also the total surface area impacts the catalytic properties and hence the performance of carbon‐based electrodes in electrochemical applications.[3](#cphc201900714-bib-0003){ref-type="ref"}, [4](#cphc201900714-bib-0004){ref-type="ref"} Figure [3](#cphc201900714-fig-0003){ref-type="fig"}a and Figure [3](#cphc201900714-fig-0003){ref-type="fig"}b depict the scanning electron micrographs of surface micromorphology of G\|MWCNTs and MWCNTs\|G, respectively. For the bilayer G\|MWCNTs, the MWCNTs form a random porous network on top of the graphene flakes. The bilayer MWCNTs\|G resembles a network of random nanotubes, 84 % of which are covered (surface area coverage) by the graphene monolayer. Both structures thus reveal a graphene‐MWCNT interface, which should principally be accessible and capable of I~3~ ^−^‐reduction upon integration of the carbon layers into DSSCs.

![SEM images of the bilayer (a) G\|MWCNTs and (b) MWCNTs\|G counter electrode on fluorine‐doped tin oxide substrate. AFM images of bilayer (c) MWCNTs\|G, and (d) G\|MWCNTs with the topographical height.](CPHC-20-3336-g003){#cphc201900714-fig-0003}

For Pt counter electrodes it is established that surface roughness impacts the (interfacial) charge transport.[39](#cphc201900714-bib-0039){ref-type="ref"} Hence, rapid regeneration of redox shuttles in DSSCs can be achieved by surface modification.[39](#cphc201900714-bib-0039){ref-type="ref"}, [40](#cphc201900714-bib-0040){ref-type="ref"}, [41](#cphc201900714-bib-0041){ref-type="ref"} The roughness of the DSA‐fabricated electrodes is assessed by AFM measurements (Figure [3](#cphc201900714-fig-0003){ref-type="fig"}c--Figure [3](#cphc201900714-fig-0003){ref-type="fig"}d). In order to correlate surface roughness and catalytic activity of graphene‐ and MWCNTs‐based counter electrodes, a roughness factor (RF) is defined as the ratio of the total surface area to the projected area of the counter electrodes.[40](#cphc201900714-bib-0040){ref-type="ref"}, [41](#cphc201900714-bib-0041){ref-type="ref"}, [42](#cphc201900714-bib-0042){ref-type="ref"} The total surface area is measured by AFM, while the projected area is determined by optical microscopy. The calculated RFs for G, MWCNTs, G\|MWCNTs, and MWCNTs\|G are 2.41, 1.02, 1.04, and 1.71, respectively, indicating that the high surface roughness of the graphene DSA‐monolayer shows contributes to the comparably high RF of bilayer MWCNTs\|G.

2.2. Electrochemical Properties {#cphc201900714-sec-0004}
-------------------------------

To illustrate the factors underlying the performance of the counter electrodes, electrochemical impedance analysis of fully assembled DSSCs is carried out. The equivalent circuit models to fit the electrochemical impedance data are shown in Figure [4](#cphc201900714-fig-0004){ref-type="fig"}a. In this study, the capacitor (*C*) in the equivalent circuit model is replaced by the constant phase element (CPE) to compensate the non‐ideal capacitive behaviour observed. The fitting results obtained *via* impedance analysis of DSSCs using different counter electrodes are summarized in Table [1](#cphc201900714-tbl-0001){ref-type="table"}. The Nyquist plot of DSSC (Figure [3](#cphc201900714-fig-0003){ref-type="fig"}b and Figure [4](#cphc201900714-fig-0004){ref-type="fig"}c) comprises three semicircles:[32](#cphc201900714-bib-0032){ref-type="ref"}, [33](#cphc201900714-bib-0033){ref-type="ref"} (i) the first small semicircle at high‐frequencies (1--100 kHz) reflects the charge transfer process at the counter electrode/electrolyte interface (R~1~); (ii) the large semicircle in the range 1 Hz--1 kHz is due to charge transfer at the ZnO/dye/electrolyte interface (R~2~); and (iii) the third small semicircle at low frequencies (\<1 Hz) is assigned to the charge transport in the electrolyte. A qualitative view of the Nyquist plots for different electrodes shows remarkably different sized semicircles, indicating very different charge transfer characteristics from different counter electrodes.

![(a) A combined equivalent circuit model of DSSCs for EIS analysis adopted from literature. (b) Typical assignment of resistance (real part of impedance, Z~Re~) derived from electrochemical impedance spectrum of DSSC utilizing MWCNTs‐based counter electrodes. The Cole‐cole plots are represented by (c) Nyquist plot and (d) Bode phase plot of DSSCs employing different N~2~‐annealed counter electrodes.](CPHC-20-3336-g004){#cphc201900714-fig-0004}

###### 

Electrochemical properties of different graphene and MWCNTs counter electrodes before and after N~2~‐annealing (indexed by \_a) determined from impedance spectroscopy.

  Counter Electrodes   R~1~ \[Ohm\]   τ~1~ ^a^ (*k* ~1~) \[ms (ms^−1^)\]   *j* ~0~ \[mA cm^−2^\]   D^b^ \[10^−6^ cm^2^ s^−1^\]   R~2~ \[Ohm\]   τ~2~ ^a^ (*k* ~2~) \[ms (ms^−1^)\]
  -------------------- -------------- ------------------------------------ ----------------------- ----------------------------- -------------- ------------------------------------
  G                    41.3           21 (0.048)                           2.634                   0.52                          327            41 (0.024)
  G_a                  6.3            4 (0.250)                            17.268                  1.09                          250            34 (0.029)
  MWCNTs               156.2          45 (0.022)                           0.696                   0.61                          1315           515 (0.002)
  MWCNTs_a             14.2           25 (0.040)                           7.662                   7.62                          222            34 (0.029)
  MWCNTs\|G            71.4           33 (0.030)                           1.523                   1.58                          656            149 (0.006)
  MWCNTs\|G_a          9.73           12 (0.083)                           11.181                  4.42                          204            39 (0.026)
  G\|MWCNTs            215.9          91 (0.011)                           0.503                   0.31                          914            195 (0.005)
  G\|MWCNTs_a          18.15          9 (0.111)                            5.994                   1.17                          115            29 (0.034)

\[a\] τ=(*R*×*Q*)^*1/α*^ where R is the charge transfer resistance, *Q* is the admittance (CPE‐P), and α is the non‐ideality factor (CPE‐T), where 0\<α\<1. \[b\] The diffusion coefficient is determined from the relation τ=B^2^=δ^2^/D, where δ is the diffusion layer thickness ∼15 μm.
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We focus on the impedance at high frequencies, which is associated with the charge transfer at the interfaces of counter electrode/electrolyte. The associated parameters R~1~ and τ~1~ denote the corresponding charge transfer resistance and the time constant for I~3~ ^−^ reduction, respectively. Annealing reduces R~1~ significantly (for the graphene layers from 41.3 to 6.3 Ω and for MWCNT electrodes from 156.2 to 14.2 Ω). This contributes to faster charge transfer kinetics at the counter electrode for I~3~ ^−^ reduction (*k* ~1~ is increased from 0.048 to 0.250 ms^−1^ for graphene and from 0.022 to 0.040 ms^−1^ for the MWCNT electrode) and diffusion of I~3~ ^−^ in the liquid electrolyte. Since I~3~ ^−^ is the current limiting species in the electrolyte,[42](#cphc201900714-bib-0042){ref-type="ref"}, [43](#cphc201900714-bib-0043){ref-type="ref"} diffusion affects the dye regeneration kinetics and hence, higher diffusion coefficient *D* facilitates higher device performance. For annealed bilayer electrodes, the peak shifts to lower frequencies found in the Bode phase plot suggest altered charge transfer kinetics compared to DSSC with monolayer graphene electrodes. This frequency shift is corroborated by the fitting results which show a slower rate of I~3~ ^−^ reduction at counter electrode/electrolyte interface for bilayer MWCNTs\|G (*k* ~1~ = 0.083 ms^−1^) and G\|MWCNTs (*k* ~1~ = 0.111 ms^−1^) than for MWCNTs (*k* ~1~=0.040 ms^−1^).

Han and co‐workers reported that R~1~ is inversely proportional to the RF for sputtered Pt countered electrodes. Also for the DSA‐carbon electrodes prepared here, such linear relationship between R~1~ and 1/RF is observed (Figure [5](#cphc201900714-fig-0005){ref-type="fig"}a). This suggests that an increase of surface roughness accelerates I~3~ ^−^ reduction. It should be noted that lower R~1~ values are required to obtain high solar cell performances as the exchange current density (*j* ~0~) at the counter electrode relates to R~1~ as $j_{0} = \frac{RT}{nFR_{\mspace{180mu} 1}}$ .[11](#cphc201900714-bib-0011){ref-type="ref"} *R* denotes the universal gas constant, *T* is the absolute temperature, *F* is the Faraday constant, *n* is the stoichiometric number of electrons involved in a reaction. Practically, *j~0~* higher than the photocurrent density generated at the photoanode is desirable. For each of the counter electrodes Table [1](#cphc201900714-tbl-0001){ref-type="table"} summarizes the exchange current densities obtained. N~2~‐annealing significantly improves *j* ~0~ indicating enhanced catalytic activity for the reduction of I~3~ ^−^. The enhanced catalytic activity is caused by higher density of catalytically active sites, which are available due to structural defects formed upon annealing as revealed by TEM and Raman study (*vide supra*). The trend of the exchange current density recorded at different graphene and MWCNTs electrodes is corroborated by the cyclic voltammogram shown in Figure [5](#cphc201900714-fig-0005){ref-type="fig"}b. The graphene‐based electrode exhibits the highest current density (8 mA cm^−2^) while the G\|MWCNTs‐based electrode yields only 3.6 mA cm^−2^. As the exchange current density at an electrode interface is inversely proportional to its charge transfer resistance, all counter electrodes investigated here exhibit higher exchange current densities than the ZnO photoanode. This can be seen from R~1~ being one order of magnitude smaller than R~2~ (see Table [1](#cphc201900714-tbl-0001){ref-type="table"}), *i. e*. the charge transfer resistance at photoanode ZnO/dye/electrolyte interfaces.

![(a) A combined equivalent circuit model of DSSCs for EIS analysis adopted from literature. (b) Typical assignment of resistance (real part of impedance, Z~Re~) derived from electrochemical impedance spectrum of DSSC utilizing MWCNTs‐based counter electrodes. The Cole‐cole plots are represented by (c) Nyquist plot and (d) Bode phase plot of DSSCs employing different N~2~‐annealed counter electrodes.](CPHC-20-3336-g005){#cphc201900714-fig-0005}

2.3. Solar‐Cell Performance {#cphc201900714-sec-0005}
---------------------------

DSSCs were fabricated to evaluate the power conversion efficiencies of the solar cells with both double self‐assembled graphene‐ and MWCNTs‐based counter electrodes. The architecture of the sandwiched DSSCs architecture is shown in Figure [6](#cphc201900714-fig-0006){ref-type="fig"}(a). The current density‐voltage (*J‐V*) curves of graphene‐ and MWCNTs‐based DSSCs recorded under 1000 W m^−2^ AM1.5 irradiation are given in Figure [6](#cphc201900714-fig-0006){ref-type="fig"}(b). The *J‐V* curve of thin film Pt counter electrode based DSSC is also shown for reference. The solar cell parameters, including open‐circuit (*V~oc~*), short‐circuit photocurrent density (*J~sc~*), fill factor (FF), and power conversion efficiency (*η*) are summarized in Table [2](#cphc201900714-tbl-0002){ref-type="table"}. Compared to the reference Pt‐based solar cell, the DSSC with G/MWCNTs counter electrodes show improved performance parameters of *V~oc~*=0.62 V, *J~sc~*=13.3 mA cm^−2^, a fill factor (FF)=0.49, and an efficiency (*η*)=4.1 %.

![(a) Sandwich structure of ZnO‐based DSSC using different counter electrodes, (b) *J‐V* of ZnO‐based DSSCs using different counter electrodes measured under 100 mW cm^−2^ AM1.5 irradiation (solid line) and in the dark (dashed line). (c) EQE curves of ZnO‐based DSSCs using different counter electrodes. The counter electrodes used in the DSSC were annealed under N~2~ atmosphere.](CPHC-20-3336-g006){#cphc201900714-fig-0006}

###### 

Solar cell properties of different double self‐assembled graphene‐ and MWCNTs‐based counter electrodes before and after N~2~‐annealing (indexed by \_a). The best recorded ZnO‐based solar cell using Pt counter electrodes is 7.4 % (*V~oc~*=0.640 V, *J~sc~*=19.8 mA cm^−2^, FF=0.59).[44](#cphc201900714-bib-0044){ref-type="ref"}

  Counter Electrode   V~oc~ \[V\]   J~sc~ \[mA cm^−2^\]   FF     *Η* \[%\]
  ------------------- ------------- --------------------- ------ -----------
  G                   0.702         9.8                   0.21   1.5
  G_a                 0.676         10.9                  0.29   2.1
  MWCNTs              0.542         12.1                  0.24   1.6
  MWCNTs_a            0.568         12.4                  0.33   2.4
  MWCNTs\|G           0.566         12.6                  0.27   1.9
  MWCNTs\|G_a         0.604         13.7                  0.43   3.6
  G\|MWCNTs           0.564         12.1                  0.28   1.9
  G\|MWCNTs_a         0.617         13.3                  0.49   4.1
  Pt                  0.608         12.9                  0.43   3.4
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The improved performance of the solar cells with carbon‐based DSA‐electrodes is related to the catalytic activity of the counter electrode. Annealing of the counter electrode enhances both *J~sc~* and the FF, while the effect on *V* ~oc~ is minor. The increase of *J~sc~* is related to an enhanced catalytic activity for the reduction of I~3~ ^−^. The FF is affected by total series resistance (*R~s~*)[9](#cphc201900714-bib-0009){ref-type="ref"}, [39](#cphc201900714-bib-0039){ref-type="ref"}, [40](#cphc201900714-bib-0040){ref-type="ref"}, [41](#cphc201900714-bib-0041){ref-type="ref"} which is the sum of sheet resistance (R~0~), charge transfer resistance at counter electrode interface (R~1~) and bulk electrolyte resistance: *FF*=*FF* ~0~(1‐*r* ~s~). Here, *FF* ~0~ denotes the fill factor not affected by series resistance, and *r~s~*=*R~s~*/*R~ch~*=(*I~sc~*×*R~s~*)*/V~oc~*.[37](#cphc201900714-bib-0037){ref-type="ref"}, [38](#cphc201900714-bib-0038){ref-type="ref"}

The overall solar cell performance is assessed by *J‐V* curves measured under 100 mW cm^−2^ AM1.5 irradiation (Figure [5](#cphc201900714-fig-0005){ref-type="fig"}b). The lowest conversion efficiency is obtained using a monolayer graphene electrode. Despite moderate conversion efficiency, the DSSCs using a monolayer MWCNTs counter electrode exhibit low FF as there is S‐shape of J−V curves around open circuit voltage (see Figure [6](#cphc201900714-fig-0006){ref-type="fig"}). This S‐shape might be due to back charge transfer at the counter electrode, as the conductive substrate is not completely covered by MWCNTs, and a higher Schottky barrier at the TCO/MWCNTs interface.[45](#cphc201900714-bib-0045){ref-type="ref"}, [46](#cphc201900714-bib-0046){ref-type="ref"} Figure [6](#cphc201900714-fig-0006){ref-type="fig"}c presents external quantum efficiency (EQE) spectra: a broad EQE spectrum from 400 to 600 nm peaking at 520 nm characterizes the spectral response of the photocurrent generated in each DSSC. The EQE spectra with yields ranging from 2--15 % resemble the absorption feature of N719[2](#cphc201900714-bib-0002){ref-type="ref"} (for chemical structure see Supporting Information), which is used as photosensitizer. To corroborate the different net photocurrent generated in DSSC using different counter electrodes the individual EQE spectrum is integrated, as *J~sc~* in DSSCs shall scale with the integrated EQE spectra over the wavelength range of irradiation.[2](#cphc201900714-bib-0002){ref-type="ref"} The results are consistent with the photocurrent density determined from the *J‐V* curves: Using MWCNTs\|G as counter electrode yields higher photocurrents, by factor of 1.8 (EQE spectrum) and 1.4 (*J‐V* curve), than an annealed monolayer graphene counter electrode.

Amongst the N~2~‐annealed samples, the bilayer MWCNTs\|G and G\|MWCNTs counter electrodes yield higher power conversion efficiencies compared to the reference solar cell, *i. e*., 6 and 21 % higher than Pt counter electrode‐based DSSC (*η*=3.4 %) for MWCNTs\|G (*η*=3.6 %) and G\|MWCNTs (*η* =4.1 %), respectively. For monolayer structures, the utilization of MWCNTs‐based counter electrodes results in efficiencies of 3.2 % comparable to the Pt counter electrode, while monolayer graphene counter electrode exhibits lower efficiency (*η* ∼2.1 %). Compared to literature reports on related systems, *i. e*. ZnO‐DSSCs with carbon‐based counter electrodes, the DSA‐electrodes introduced here perform at least at par. The best efficiency obtained in this study (*η* =4.1 % using the bilayer G\|MWCNT electrode) exceeds the efficiencies reported by Pandikumar and coworkers,[47](#cphc201900714-bib-0047){ref-type="ref"} who report efficiencies of 2 % using a polypyrrole/rGO/p‐toluenesulfate composite as counter electrode. The solar cells reported here also outperform solar cells, in which the ZnO anode is sensitized by quantum dots and an ordered mesocellular carbon foam functions as counter electrode. This concept yields a maximum efficiency of 3.6 % (*V~oc~*=0.685 V, *J~sc~*=12.6 mA cm^−2^, and FF=0.42).[48](#cphc201900714-bib-0048){ref-type="ref"} Kilic and Turkdogan report a ZnO photoanode in combination with a FeS~2~/graphene counter electrode, with a superior efficiency of 5.1 %.[49](#cphc201900714-bib-0049){ref-type="ref"} Further optimization of graphene or MWCNTs counter electrode performance might include Na and MoS~2~ modification as well as chemical oxidation on the N~2~‐annealed graphene or MWCNTs surface.[8](#cphc201900714-bib-0008){ref-type="ref"}, [50](#cphc201900714-bib-0050){ref-type="ref"} Park and co‐workers reported that chemical oxidation of MWCNTs using sulfuric acid/nitric acid (H~2~OS~4~/HNO~3~) or potassium persulfate/sodium hydroxide (K~2~S~2~O~8~/NaOH) also yields conductivity up to ten folds higher than pristine MWCNTs and boosts the solar cell efficiency from 0.2 to 1.3 %.[50b](#cphc201900714-bib-0050b){ref-type="ref"} Hu and co‐workers reported that embedding Na on the carbon counter electrode doubles the conductivity and hence, increases FF up to 0.66 when used with TiO2‐based photoanodes.[50c](#cphc201900714-bib-0050c){ref-type="ref"}

The DSSCs using graphene or MWCNTs counter electrode exhibit lower FF compared to the current record ZnO‐based solar cells using Pt counter electrodes.[44](#cphc201900714-bib-0044){ref-type="ref"} However, the record efficiency is achieved for 450 °C annealed ZnO photoanode in the presence of a blocking layer. At the lower annealing temperature processed ZnO photoanode and without blocking layer, the best reported conversion efficiency is only 2.6 % (*V~oc~*=0.650 V, *J~sc~*=7.5 mA cm^−2^, and FF=0.54).[46](#cphc201900714-bib-0046){ref-type="ref"} The highest V~oc~ and *J~sc~* value obtained in this study is 0.676 mV and 13.7 mA/cm^2^, respectively. Considering that the performance of graphene or MWCNTs counter electrode can be further optimized using chemical oxidation, these solar cell parameters imply that low temperature processed ZnO‐based solar cell using double self‐assembled graphene/MWCNTs counter electrode are indeed promising dye‐sensitized solar cell architecture.

2.4. Physical Stability and Recyclability of Bilayer MWCNTs\|G {#cphc201900714-sec-0006}
--------------------------------------------------------------

Re‐using counter electrodes in DSSCs is useful and cost‐efficient: various parameters (e. g. differently sensitized anodes) could be evaluated with *one* counter electrode. For such an approach to work, the counter electrode has to be chemically and mechanically stable and has to produce highly reproducible results. In this context, the stability of the DSA‐bilayer MWCNTs\|G during recycling is assessed. Each cycle involves washing using acetonitrile to remove the physisorbed electrolytes (we compare Li^+^‐containing and Li^+^‐free iodine‐based electrolytes) and addition of fresh electrolyte for the new solar cell assembly. Figure [7](#cphc201900714-fig-0007){ref-type="fig"} shows SEM images of a MWCNTs\|G surface after being recycled five times. The dark area is the graphene monolayer, while the bright areas show the MWCNTs in the bottom layer. As seen in Figure [7](#cphc201900714-fig-0007){ref-type="fig"}a, the surface of MWCNTs\|G is covered with large particles after being used in DSSCs with the Li^+^‐containing electrolyte. The EDX spectra recorded at the MWCNTs\|G sites covered with the particles (Figure [7](#cphc201900714-fig-0007){ref-type="fig"}d) show N and I peaks indicating the presence of intercalated alkylammoinum and Li^+^‐ions from the tertbutylammonium and lithium iodide, respectively. This is further confirmed by X‐ray diffraction analysis (Figure S7 in the Supporting Information). Such intercalation of Li^+^ and alkylammonuim ions has been shown to exfoliate carbon nanotubes creating a new layer of graphene, hence, modifying the surface properties of carbon nanotube‐based electrodes.[51](#cphc201900714-bib-0051){ref-type="ref"}, [52](#cphc201900714-bib-0052){ref-type="ref"}, [53](#cphc201900714-bib-0053){ref-type="ref"}, [54](#cphc201900714-bib-0054){ref-type="ref"} In contrast, the surface of the MWCNTs\|G electrolyte operated with the Li^+^‐free electrolyte remains uncontaminated.

![(a) Scanning electron micrograph of bilayer MWCNTs\|G counter electrodes after recycled in DSSC employing (inset) Li^+^‐ iodine based electrolyte and Li^+^‐free iodine based electrolyte consisting of alkylbenzimidazole, 1‐ethyl‐3‐methylimidazolium iodide; 1,3‐dimethylimidazolium iodide, 1‐ethyl‐3‐methylimidazolium tetracyanoborate. Raman spectra of bilayer MWCNTs\|G counter electrodes before (black spectra) and after (red spectra) usage in DSSC in contact with (a) Li^+^‐iodine based electrolyte and (b) Li^+^‐free iodine based electrolyte. (d) The EDX spectrum of bilayer MWCNTs\|G counter electrodes after usage in DSSC in contact with Li^+^‐iodine based electrolyte. Solar cell properties of DSSCs using bilayer MWCNTs/graphene and (e) Li^+^‐iodine and (f) Li^+^‐free iodine based electrolyte at different state of counter electrode\'s recycle.](CPHC-20-3336-g007){#cphc201900714-fig-0007}

To assess the stability of the graphene monolayer covering the MWCNTs, Raman spectra are collected before and after recycling (Figure [7](#cphc201900714-fig-0007){ref-type="fig"}b and Figure [7](#cphc201900714-fig-0007){ref-type="fig"}c). The G and 2D band intensities at ∼1580 and 2650 cm^−1^, respectively, indicate the quality and number of graphene layers.[55](#cphc201900714-bib-0055){ref-type="ref"} The ratio I~2D~/I~G~ indicates the number of graphene layer; I~2D~/I~G~=2 is characteristic for a graphene monolayer.[56](#cphc201900714-bib-0056){ref-type="ref"}, [57](#cphc201900714-bib-0057){ref-type="ref"} The I~2D~/I~G~ ratio of the MWCNTs\|G electrode operated with a Li^+^‐free electrolyte is not significantly altered upon recycling, *i. e*., 2.2 (before) and 2.4 (after the fifth cycle). This indicates that the double self‐assembled graphene monolayer adheres strongly to the MWCNTs yielding a robust surface integrity. Meanwhile, using a Li^+^‐containing electrolyte, I~2D~/I~G~ increases significantly from 1.9 to 4 (Figure [7](#cphc201900714-fig-0007){ref-type="fig"}). This change suggests that more than one layer of graphene is built on top of the MWCNT layer likely due to exfoliation of MWCNTs upon intercalation of Li^+^ and tertbutylammonium ions contained in electrolyte.

The performance of the recycled MWCNTs\|G counter electrodes in DSSCs is shown in Figure [7](#cphc201900714-fig-0007){ref-type="fig"}e and Figure [7](#cphc201900714-fig-0007){ref-type="fig"}f. Despite a lower initial solar cell efficiency using Li^+^ free electrolyte (*ɳ*=3.22 %, V~oc~=0.450 V, J~sc~=23.4 mA cm^−2^, FF=0.31), the counter electrodes enable fabrication of recyclable solar cells with efficiency of 3.14 %, (V~oc~=0.470, J~sc~=22.1 mA cm^−2^, FF=0.30). In contrast, the solar cell employing Li^+^ containing electrolyte suffers from a significantly decrease of the power conversion efficiency from 4.0 % (V~oc~=0.617, J~sc~=13.3 mA cm^−2^, FF=0.49) to 2.36 % (V~oc~=0.566, J~sc~=10.7 mA cm^−2^, FF=0.41) after five recycling process. This PCE decrease is due to the exfoliation of MWCNTs reducing the catalytic activity of the counter electrode.

3. Conclusions {#cphc201900714-sec-0007}
==============

We have demonstrated an alternative straight forward, flexible and low cost fabrication procedure for Pt‐free counter electrodes for dye‐sensitized solar cells employing graphene and multi‐walled carbon nanotubes (MWCNTs). The double self‐assembly (DSA) process demonstrated here produces monolayer and bilayer graphene‐ and MWCNTs‐based counter electrodes. Annealing under N~2~ atmosphere enhances the catalytic activity of the counter electrodes to reduce tri‐iodide in the electrolyte of the DSSCs. The surface roughness of graphene‐ and MWCNTs‐based counter electrodes is a critical parameter to control since it impacts the charge transfer resistance, which in turn is associated with the catalytic efficiency of the counter electrodes. The rougher surface of graphene‐ and MWCNTs‐based counter electrodes corresponds to an enlarged active surface area, which enhances the catalytic reduction of iodide species in electrolyte. The DSA processed graphene‐ and MWCNTs‐based counter electrodes exhibit good mechanical stability. Their mechanical and chemical stability allows for recycling the all‐carbon counter electrodes for re‐fabrication of DSSCs without notable loss in efficiency.

Experimental Section {#cphc201900714-sec-0008}
====================

Preparation of the MWCNTs and Graphene Suspensions {#cphc201900714-sec-0009}
--------------------------------------------------

50 mg MWCNTs (Ossila Ltd.) functionalized with −COOH group were suspended in 10 ml iso‐propanol. The semi‐stable suspension was homogenized via ultrasonication for 30 min shortly before deposition. Thermally reduced graphene oxide flakes[33](#cphc201900714-bib-0033){ref-type="ref"} suspended in water (∼5 g/l) were used as starting material for the graphene deposition. The suspension was dried in a furnace and subsequently re‐suspended in ethanol at the same concentration.

Deposition of the Bilayer MWCNTs/MGFs by Double Self‐Assembly (DSA) {#cphc201900714-sec-0010}
-------------------------------------------------------------------

Fluorine doped tin oxide (FTO) coated glass substrates were placed in a petri dish and cleaned by rinsing with acetone. After drying of the substrates and the petri dish under a N~2~ stream, the dish was filled with deionized (DI) water until the FTO coated glasses were completely submerged. Using a syringe, about 0.5 ml of the MWCNTs suspension in ethanol was slowly dispersed on the water surface. The MWCNTs assemble to a uniform layer floating on the water surface. At the edge of the petri dish, approximately 0.1 ml of sodium dodecyl sulfate (SDS) solution (10 wt.% in water) was dropwise added to the water. The SDS molecules spread on the water surface, pushing the MWCNTs aside to form a dense layer. The MWCNTs layer is transferred onto the FTO by removing the water.[30](#cphc201900714-bib-0030){ref-type="ref"} The samples were dried in a furnace at 80 °C for 15 min.

After drying, the samples coated with MWCNTs were placed in another clean petri dish, and DI‐water was added until the samples were fully immersed. It was ensured that complete drying of the MWCNTs layers does not lead to detachment of the layers from the FTO. To form the bilayer, about 0.2 ml of the graphene suspension is added on the water surface using a syringe. The graphene flakes form a loose monolayer floating on the water surface. Approximately 0.1 ml of a SDS solution (10 wt.% in water) was added at the edge of the petri dish, compressing the graphene flakes to form a dense layer. This layer is subsequently deposited on top of the MWCNT layer by removal of the water. The samples are then again dried as described above. For the deposition of the MGFs/MWCNTs bilayer, the deposition sequence of the above‐described process has simply to be inverted. Before assembly of functional DSSCs, the electrodes were annealed under N~2~ atmosphere at 500°C for 30 min to further reduce the grapheme and MWCNTs and to improve the electrical properties. Schematic representation of each step in the DSA process is illustrated in Figure [1](#cphc201900714-fig-0001){ref-type="fig"}a.

Characterization of the Physical and Optical Properties of DSA‐Processed Counter Electrodes {#cphc201900714-sec-0011}
-------------------------------------------------------------------------------------------

The morphology of the carbon‐based electrodes is assessed using a FEI Helios NanoLab G3 UC. The secondary electron (SE) images were taken at 5 keV electron energy with a specimen tilt of 30°. Transmission electron microscopy (TEM) and high‐resolution transmission electron microscopy (HRTEM) for graphene were carried out using a JEOL NEOARM 200F operating at 80 kV equipped with a cold field emission gun and 4k×4k Gatan OneView CCD‐camera. TEM and HRTEM for MWCNTs were performed with a JEOL 3010HT operating at an acceleration voltage of 300 kV that equipped with a LaB6 emitter and a 1k×1k Gatan multi scan CCD‐camera. Surface topography and roughness were characterized by atomic force microscopy (AFM) with a dimension edge system (Bruker). A silicon AFM probe was used in tapping (intermittent) mode within an active area of 5×5 and 10×10 μm^2^, respectively. The optical transmission of the counter electrodes was measured using a Varian‐Cary UV‐vis‐NIR spectrometer. Raman spectra of the carbon‐based electrodes were collected upon excitation at 785 nm (Raman‐HR‐TEC, StellarNet).

Dye‐Sensitized Solar Cell Fabrication and Electrochemical Characterization {#cphc201900714-sec-0012}
--------------------------------------------------------------------------

Sandwiched DSSCs structures were fabricated according to our previous works:[32](#cphc201900714-bib-0032){ref-type="ref"} ZnO paste was deposited on FTO substrate and heated at 150 °C for 2 h. The ZnO films used as photoanodes were sensitized by soaking in a 0.5 mΜ ethanolic solution of the Solaronix dye N719. DSA‐processed carbon‐based electrodes and thin film Pt electrodes were employed as counter electrodes. The photoanode and the counter electrode are assembled on top of each other using a film spacer (parafilm) of approximately 50 μm. A small amount of electrolyte containing 0.5 M tetrabutylammonium iodide, 0.1 M lithium iodide, 0.1 M iodine and 0.5 M 4‐*tert*‐butylpyridine in acetonitrile was injected into the inter‐electrode space.

The photocurrent‐voltage (J−V) curves are measured under 100 mWcm^−2^ irradiation (AM1.5, solar simulator). Electrochemical characterization was carried out using cyclic voltammetry and electrochemical impedance spectroscopy. Electrochemical measurements were performed with a computer‐controlled potentiostat (Princeton Applied Research VersaSTAT MC potentiostat) equipped with a frequency response analyzer in the range between 0.1 Hz and 100 kHz. Impedance measurements were carried out both under illumination from a xenon lamp and in the dark. The spectra were fitted with the Z‐View software (v3.2c, Scribner Associate, Inc.) in terms of appropriate equivalent circuits.[32](#cphc201900714-bib-0032){ref-type="ref"}

EQE is determined with a home‐built setup.[58](#cphc201900714-bib-0058){ref-type="ref"}, [59](#cphc201900714-bib-0059){ref-type="ref"} Light from a 1000 W Xe lamp attached to a 260 mm triple grating monochromator modulated by mechanical chopping at 83 Hz. The sample is irradiated on an area of 6.0×1.3 mm^2^. Current measurements were performed using a 50 Ohm resistor as load and measuring the voltage drop over the load with a second SR830 Lock‐In amplifier. To obtain absolute quantum efficiencies, a standard silicon solar cell was used as reference. The EQE of the standard cell was validated by a commercial setup from Bentham instruments.
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